INTRODUCTION
Transducers that produce acoustic spiral waves are of interest for underwater navigation and communications. The approach is analogous to systems used in RF navigation. The use of VHF omnidirectional radio range (VOR) systems for navigation of aircraft are widely known and implemented, enabling aircraft to determine their bearing angle to a transmitting antenna array located at most large airports. The system works by generating a signal pulse that is omnidirectional in magnitude but has a phase angle that varies with azimuthal angle. Comparison of this "spiral wave" signal with a reference signal that is omnidirectional in magnitude and phase allows the aircraft instrumentation to determine a unique bearing angle to the radio beacon. It follows that an underwater acoustic analog of such a system may be realized. One of the main benefits of such a system is that only a single hydrophone is required for the receive sensor, as the directional information is encoded in the transmit beacon signals. This approach is applicable to a wide variety of underwater autonomous vehicles equipped with acoustic communication capabilities without the need for additional hardware.
Dzikowicz [1] , and subsequently Hefner and Dzikowicz [2] proposed the implementation of an underwater spiral-wave beacon based on a "physical-spiral" projector wherein a conformal transducer was curved around a physical (helical) spiral of one revolution, as well as a second variant comprised of a circular array of acoustic transducers about a concentric circular baffle, each element energized and phased to synthesis the desired diverging spiral wave front, the latter being the analog of the VOR system. Fig. 1 presents a photo of a VOR antenna, an illustration of diverging wavefronts for a spiral wave and an "omni-phase" reference signal, and a photo of acoustic spiral wave transducers under development by BTech Acoustics. The current presentation and proceedings paper presents the design of a cylindrical transducer for producing a spiral wave and test data for two variants. Both variants utilize the approach of exciting two orthogonal dipoles that are in phase quadrature using a cylindrical transducer [Pat. Pend. Ref. 4] , which was recently been described in a letter to the editor in JASA [Ref. 5.] .
APPROACH
A spiral wave may be created by simultaneously exciting two orthogonal acoustic dipoles in phase-quadrature as illustrated schematically in Fig. 2 . Each acoustic dipole produces a directional response (cosT and sinT) and the resulting diverging wave is omnidirectional in magnitude but has a phase that depends linearly on azimuthal angle [Ref. 4] . The spiral-wave far field acoustic pressure resulting from the sum of the two dipoles can be expressed as 
where P = A/r is the pressure amplitude, Ȧ is the angular frequency, k is the wavenumber, r is the horizontal range, and the phase T is equal to the azimuthal angle. Symmetry dictates that the pressure is zero in the direction of the axis of symmetry perpendicular to the plane containing the orthogonal dipoles. This is desirable as it reduces reflections from the surface or bottom. 
FIGURE. 2.
Illustration of a cylindrical "sine-cosine" transducer for producing an acoustic spiral wave having electrodes divided in four quadrants (I, II, III, IV). Electrode combinations in opposite polarity produce two orthogonal. While the figure shows that the omnidirectional-phase reference may be produced by the same transducer element, it can be desirable to use a separate omnidirectional reference projector. In the new variant, a separate reference projector but having the same acoustic center is implemented.
The first variant uses a separate omnidirectional reference transducer coaxially aligned and attached to the spiral wave transducer and thus has a vertical phase offset , which can lead to a systematic error as a the receiver location is changed vertically. Details of this were summarized in Ref. 5 . The new variant has a feature that the omnidirectional reference transducer has the same acoustic center as the spiral wave transducer in an integrated navigation beacon. This is accomplished by placing an omnidirectional reference above and below the sine-cosine transducer responsible for producing the spiral-wave. When electrically connected (in parallel), the reference produces an omnidirectional signal with the same acoustic center as the spiral-wave transducer. This removes systematic errors related to the vertical location of the participating AUV (Autonomous Underwater Vehicle).
The acoustic beacon may also be used in receive mode where the bearing angle is determined by the sine-cosine orthogonal dipoles. Depression angle is determined by phase comparison of the outputs from the pair of omnireference transducer rings. Range may also be determined by time-of-flight if the signal is returned to the transmitter. Two of these spiral beacons were fabricated and are shown in Fig. 1 . A summary of test data and discussion of several design implementations will be presented at the meeting. While this presentation concentrates on the spiral-wave projector, a review of the subsystem implementation and receiver operation will also be considered. Experimentation is underway with a BTech AComms BT-2RCL transducer and a WHOI micromodem used as a receiver combination at about 25kHz (C-band).
SUMMARY OF TEST DATA ON SPIRAL WAVE TRANSDUCER
A summary of the first prototype is provided in the literature [Ref. 4] . A summary of test data on the BTech Sine-Cosine spiral wave transducer follows in Figs. 3-4 (Ch. 0 is the omni-reference channel, Ch. 1 is the cosine channel, and Ch. 2 is the sine channel). The 0-mode is generated using separate rings but has the same acoustic center as the dipole channels when combined electrically.
